Basic ideas of the standard model by Zakharov, V I
BASIC IDEAS OF THE STANDARD MODEL
V.I. ZAKHAROV
Randall Laboratory of Physics
University of Michigan, Ann Arbor, Michigan 48109, USA
Abstract
This is a series of four lectures on the Standard Model. The role of conserved
currents is emphasized. Both degeneracy of states and the Goldstone mode are
discussed as realization of current conservation. Remarks on strongly interact-
ing Higgs fields are included. No originality is intended and no references are
given for this reason. These lectures can serve only as a material supplemental
to standard textbooks.
PRELIMINARIES
Standard Model (SM) of electroweak interactions describes, as is well known, a huge amount of exper-
imental data. Comparison with experiment is not, however, the aspect of the SM which is emphasized
in present lectures. Rather we treat SM as a field theory and concentrate on basic ideas underlying this
field theory.
Th Standard Model describes interactions of fields of various spins and includes spin-1, spin-1/2
and spin-0 particles. Spin-1 particles are observed as gauge bosons of electroweak interactions. Spin-
1/2 particles are represented by quarks and leptons. And spin-0, or Higgs particles have not yet been
observed although, as we shall discuss later, we can say that scalar particles are in fact longitudinal
components of the vector bosons.
Interaction of the vector bosons can be consistently described only if it is highly symmetrical,
or universal. Moreover, from experiment we know that the corresponding couplings are weak and can
be treated perturbatively. Interaction of spin-1/2 and spin-0 particles are fixed by theory to a much
lesser degree and bring in many parameters of the SM. Moreover, at present it is not known whether
self-interaction of the Higgses is weak or strong and we should reserve for both possibilities.
Standard model is too extended a subject to be covered in a series of four lectures. The outline of
the lectures was shaped to a great extent by an internal message to lecturers at the present School which
in the part relevant to us reads:
Standard Model:
 SU(2)  U(1) gauge theory but no QCD (!);
 Higgs mechanism and spontaneous symmetry breaking; Goldstone and equivalence theorems;
 electroweak radiative corrections, LEP physics, triple gauge boson coupling;
 brief introduction to CKM matrix but no detailed discussion of flavour physics and CP violation.
In the written version, the notes consist of three parts. First we consider general cosequences from
a current conservation. In Part 2 we review Lagrangian models where the general relations of Part 1 are
realized on concrete exmaples. There are also some model predictions. In Part 3 radiative corrections
are discussed briefly. Both general relations of Part 1 and specific predictions of Part 2 are utilized here.
After these preliminaries we proceed to a systematic presentation.
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1 PART I: CONSERVED CURRENTS
The outline of this part is as follows:
(a) Noether’s theorem (symmetries vs. conserved currents)
(b) Conserved currents as sources of massless vector bosons
(c) Realizations of current conservation:




Noether’s theorem states that to every continuous symmetry of a Lagrangian there corresponds a con-
served current.
To prove the theorem consider a Lagrangian L('(i); '(i)
;

























Moreover, we assume that there exists a symmetry transformation on the fields which leaves the
action invariant. We distinguish between two possible kinds of transformations. Namely, discrete (or
“large”) such as
' !   ' (3)
and continuous transformations when the change in the fields can be made infinitesimally small. As an














































are two independent infinitesimally small parameters.
Turning back to the general consideration, we note that symmetry means that the action is not
changed:
S = 0: (6)


























are variations of the fields and their derivatives. Moreover, since the parameter of the




































Expressions in front of '(i) are in fact the Lagrange equations of motion and therefore we have for the



































! 0 and the index (a) labels independent transformations. Since 
(a)




































This is the Noether current.













x = 0; (15)












So far we considered a classical field theory. It is important to emphasize that the construction
generalizes in fact to case of QFT (quantum field theory) as well. Let me outline the steps in this
generalization. QFT is introduced in close analogy to the case of quantum mechanics (QM), see also
lectures on QFT at this School. In quantum mechanics we have the fundamental commutation relation:
[q^; p^] = ih (18)
where (q; p) are canonically conjugated variables and the hat reminds that we dealing now with operators.





























Moreover, QFT deals with systems with infinite number of degrees of freedom which are fields at each
spatial point x:












































is the charge of the field so that e
'
is an ordinary number (not an operator). The crucial point
of the derivation (24) is that the zeroth component of the current, j
0
(x; t) is constructed as a product of














since variations of the fields '(i) is reexpandable in the fields themselves in the examples we considered.
1.2 Conserved Currents as Sources of Massless Vector Bosons
The importance of conserved currents is that they can be coupled to massless vector particles, as we will
demonstrate now.











(q) = 0 (27)
where q

is the momentum carried in by the current and   is the Fourier transform of the matrix















where j1; 2i are some states.






where e is the (gauge) coupling and A

is the vector potential. Furthermore, consider S-matrix element
corresponding to an exchange of a vector particle:
S(1 + 1
0































The expression (30) should be consistent with the fact that there exist only two independent po-
larization states for the vector particle (left- and right-handed polarized photons). This is not a trivial
condition since to ensure Lorentz invariance of the matrix element (30) we had to use the g

tensor
where () run from 0 to 3 and, al least superficially there are four degrees of freedom involved . Con-
servation of the current is crucial at this point. In more detail, if a particle is absorbed far oof the point




























































































where  ? includes only the transversal indices, 1 and 2.
Thus, we have proven that only transverse photons are emitted if photons are coupled to a con-









contains terms of both signs. To avoid the catastrophe we must couple photons to a strictly conserved
current. Then the unitarity is not violated.
1.3 Current Conservation: Minimal Coupling
Now, that we are convinced that massless vector bosons can interact only with conserved currents let us
discuss possible ways, or modes of realization of current conservation. We will try to do so by guessing
what kind of vertices can satisfy the transversality condition (27). First we consider the realization which
is well known from the example of electromagnetic current and which can be called degeneracy of states.
Consider first an example of a single complex scalar field. Then we can introduce the following















are four-momenta of the particles and '(1;2) are the corresponding wave functions, solutions



















































. We see that (36) can be a matrix element of a





and that is what we mean by degeneracy of states. Namely, there should be degeneracy of masses and
only diagonal transitions are allowed. In this particular case the degeneracy is between real and imaginary
parts of the complex field '. Indeed, the most general realization of two (field) degrees of freedom is
two real scalar fields with different masses. A complex field unifies in this sense two fields with same
mass.











where  are Dirac matrices, 	(1;2) are solutions to the Dirac equations, wave functions of the initial and









































The conclusion is same: the vertex (39) is allowed only if m(1) = m(2). Then the charge may not be
zero.










































In other words, the particles must be massless. For massive particles, the axial charge is to be zero.
This kind of interaction when only diagonal transitions are allowed on mass shell and the vertices
are determined by the magnitude of a conserved charge is called minimal coupling. As is mentioned
above this kind of coupling is well known in case of electromagnetic current. A point which might worth
emphasizing is that we did not assume our fields ';	 to be either elementary or composite, interacting
weakly or strongly. The transversality of the vertex (27) was the only input in the analysis.
1.4 Current Conservation: Goldstone Mode
In the previous section we saw that the transversality condition (27) is very restrictive. Why should not









































Still, after thinking for a while we would rather decide that our solution (45) is in fact uninteresting.
Indeed as far as ~ 

is finite as q ! 0 our original vertex  

 q
2 and vanishes. Since charges can be
measured in the limit of q ! 0 our solution (45) corresponds then to all charges equal to zero, i.e. to a
trivial solution.


















and now assume that ~ 

is finite in the limit q ! 0. This change is very significant in fact (and it might
have been better to use even double tilde for the vertex ~ 

in (47) to distinguish it from the vertex in
(45)). Indeed, now we have a pole at q2 = 0 in the “original” vertex   entering Eq. (45). This pole is
to be identified with a physical massless particle. Moreover from (47) we can conclude that this a scalar
(or pseudoscalar) particle with derivative couplings. Indeed, in this case we reproduce then factors q

in
front of the pole in Eq. (47). These massless spin-0 particles are called Nambu-Goldstone (NG) bosons
and are very important in constructing the Standard Model of electroweak interactions.
In the presence of the NG-bosons current conservation restricts interactions of these bosons. In-
deed, the two terms in the r.h.s. of Eq. (47) can obviously be interpreted as pole due to an exchange of
a massless scalar and as a direct coupling of the vector particle (see Figures 1a,b). The coupling of a
massless NG-boson to the conserved current j





































Fig. 1: (a) Coupling of a vector boson (wavy line) to a fermion (solid line) via a massless boson (dashed line); (b) direct
coupling of the vector boson to a fermion.





6= 0. Strictly massless particles are thus an exception since for a massive particle coupling of the
type (49) is forbidden by the current conservation.












is the vertex describing interaction of the NG-boson with other particles. To ensure the current













describes direct interaction of the vector boson (coupled to the current j

). Note that there is
no restrictions like m(1) = m(2) any longer. They are replaced by (51).
Thus, there are two basic features of the Goldstone mode of current conservation: existence of
(strictly) massless spin-0 bosons and connection (51) between the vertices  
G
of interaction of these
bosons and vertices ~ 

describing interaction of vector bosons.
1.5 Goldstone Theorem





above are in fact most general ones so that there are no further alternatives. The theorem has been proven
within QFT and is based on the analysis of the commutation relations between operators of conserved
charge and fields (24). The theorem states that there are two and only two possibilities:
(i) Operator of charge annihilates the vacuum:
^
Qj0i = 0 (52)
where by the vacuum we understand the lowest energy state. Eq. (52) means then that the vacuum has
no charge. In this case we have degeneracy of states. The other possibility is that
(ii) Vacuum expectation value of a charged field ' is non-zero:
h0j'^j0i 6= 0 (53)
and then there exists a massless spin-0 particle. Moreover, the matrix element
hNGj
^
Qj0i 6= 0 (54)
where by jNGi we denoted a state containing this massless Nambu-Goldstone particle.
The case (ii) is called spontaneous symmetry breaking. But it is worth emphasizing that in both
cases (i) and (ii) the symmetry is exact (in the sense that the corresponding current is strictly conserved)
although realized in different ways. (Note that one could also consider a case when the symmetry is not
exact but is violated by a small term in the Lagrangian. Then the corresponding current is not exactly
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conserved and cannot be a source of a massless vector boson. Nevertheless, Eq. (47) for interactions
of the nearly massless NG bosons still holds approximately in this case as well. There is a well-known
example of nearly Nambu-Goldstone particles of this kind, that is pions. However, in case of the Standard
Model we do couple vector bosons to conserved currents and the corresponding symmetry should be
exact.)
Let me briefly outline the derivation of the Goldstone theorem. One takes vacuum matrix element











Now, if ^Qj0i = 0, i.e. charge of the vacuum is zero, then the vacuum expectation value of '^ in the r.h.s
of Eq. (55) is vanishing. Moreover since charge is conserved its matrix elements between two states may
not vanish (see also below) only if two states have the same energy.
If, on the other hand, the vacuum expectation value in the r.h.s. of (55) is nonvanishing,
h0j'^j0i 6= 0; (56)
then one sandwiches the commutator in Eq. (55) by a complete set of intermediate states and (56) implies
that there exists at least one intermediate state jn > such that hnj ^Qj0i 6= 0. Moreover this should be a
massless state, E
n



















Qjni = 0 (58)
since ^Hj0i = 0. Comparing (57) and (58) we conclude that E
n
= 0.
Since only the contribution of this massless state survives now in (55), one derives also an expres-
sion for f
G






To summarize, the Goldstone theorem proves, in the language of Quantum Field Theory that the
two possibilities which we considered above, namely minimal coupling and existence of massless spin-0
particles is in fact an exhaustive list.
1.6 Higgs Mode
Imagine that conservation of a current is ensured by existence of a massless spin-0 particle, i.e. we are
in the Goldstone mode. Assume furthermore that this conserved current is coupled to a massless gauge
boson. Then the two massless particles mix with each other. This is a well known quantum mechanical
phenomenon of mixing of two degenerate states. As is well known, if two states are degenerate then
even weak interaction may determine which states are in fact eigenstates of energy and the resulting
basis may differ substantially from the original basis. This can be readily understood from the equation



















are unperturbed wave functions, V
in
is the matrix element of the perturbative interaction, E(0)
i







; then even a small perturbation would have a drastic effect. Perturbation theory does not
apply and one should solve the corresponding secular equation exactly.
Now we apply this technique to clarify the mixing of the two massless particles. The Higgs




















Fig. 2: Building up a massive vector exchange from massless vector and scalar exchanges: (a) exchange of a massless vector
particle; (b) exchange of a massless scalar particle to first order in perturbation thoery; (c) exchange of a massless vector
particle, with transition into an intermediate massless scalar particle. The shaded area stands for the polarization operator in
general, while the dashed line is the massless scalar particle; (d) mixing of vector and scalar particles.
and one spin degrees of freedom, respectively) are unified into a massive vector boson (three degrees of
freedom).
We will demonstrate this diagrammatically and start with an exchange of a single (massless) vector






































where we used (51) to reexpress the scalar vertices  (1;2)
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The difference between (63) and (65) is that in (65) the pole is shifted to q2 = m2
V
and our next step is
to verify this shift diagrammatically.
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The crucial graph is that in Figure 2c where the vector boson goes to the scalar boson and back.





























































































can be recognized as the corresponding to the first term in the expansion in m2
V
of the pole


















It is obvious now that summation over further replicas of the same transition brings in the whole geo-




. In this way we convince ourselves that the massive propagator (65) is
reproduced as far as the term proportional to g is concerned.
The remaining step is to prove that graphs with one scalar and one vector particles attached to the




















This is left as an exercise (not an easy one !).
To summarize: accounting for transitions between the two originally massless states is equivalent
to solving a secular equation in QM and the result in our case is the unification of two massless states
into a massive one with mass given by (65).
1.7 The Equivalence Theorem
At first sight, in the Higgs mode there is nothing left from the original symmetries, massless particles
and perturbative expansion since m2
V
 e
2 and enters a denominator of qq=m2
V
sending the small
coupling e2 to inverse powers.
However, this happens because two small parameters are mixed up and compete, that is coupling
e
2 and small momenta q  m
V
 e  v. It is natural to expect then that if the momenta are not especially
small then amplitudes can safely be expanded in e2 and we can go back to the original basis of massless
particles.
This is obviously so if q2  m2
V
. i.e. the vector particle is far off-mass-shell. Then all the mixing
effects we considered in the preceeding section are apparently negligible. Consider however, a particle
















one can also use the original basis of massless spin-1 and spin-0 states and neglect their mixing.
The reasoning runs as follows. Consider the propagator for a massive vector particle (65) which
we derived considering the mixing of the two massless states. The term proportional to qq can always








amd at high energy we
can neglect the kinematical effect of the mass of the vector boson. However the term  g describes
now, generally speaking, interaction of both transversal and longitudinal vector bosons. Only in the limit
m
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As we discussed in one of the preceeding subsections the latter condition implies that only interaction
of transversal vector bosons survives. Thus, we can use indeed the basis of original massless vector and
scalar states as is stated by the equivalence theorem. Let me mention, however, that the actual center of
gravity in proving the equivalence theorem lies in the case when a few vector bosons are involved. We
have not considered in detail the consequences from current conservation in that case and cannot discuss
it in any detail here.
1.8 Summary
In this part of the lectures we have considered consequences from symmetries of Lagrangian. We consid-
ered so called global symmetries when the parameters of the symmetry transformations do not depend
on x. The Noether theorem states that there exist conserved currents and we discussed two different
modes of realization of this conservation, namely, degeneracy of states and Goldstone mode when there
exist massless spin-0 particles. We have demonstrated also that these conserved currents can be used
as sources of massless vector bosons since only in this case one satisfies the unitarity condition (that is,
only physical, or transversal degrees of freedom of massless vector bosons are emitted). Moreover, if
the conserved current is coupled to a massless vector boson then the massless Nambu-Goldstone boson
and massless spin-1 particle are unified into a single massive vector particle. It is worth emphasizing that
we did not use any particular form of the Lagrangian so that the only assumption was the existence of a
symmetry. Thus all our conclusions so far are of very general nature and apply, for example, if the fields
entering the Lagrangian cannot be even observed as free particles. What we have not done, however,
we did not consider in any systematic way the case of a few massless vector particles and/or Nambu-
Goldstone particles interacting with each other. In principle, by imposing condition of conservation of
the source of each massless vector particle we could have obtained analogs of (51) in this case as well.
But technically this is more sophisticated than what we can do in these lectures. The only exception in
fact was the derivation of the mass term of a vector particle via the Higgs mechanism (see Eq. (68) and
related discussion above). A systematic way to describe consistently processes with a few vector bosons
is to extend the global gauge invariance to a local one (see the course on Field Theory at this School and
a short discussion in part 2 of the present lectures).
2 PART II: LAGRANGIAN MODELS
A. SPONTANEOUS SYMMETRY BREAKING
In Part 1 we tried an as general approach as possible and basically exploited only the notion of a global
symmetry. Here we shall consider Lagrangian realizations of the general relations found in Part 1.
Lagrangian formulation is especially useful if all the interactions in the Standard Model of electroweak
interactions are indeed weak, including the Higgses self-interaction. Then the particle content of the real
world can be directly read off from the Lagrangian. At present we do not know whether it is indeed the




















a particular Lagrangian model but will emphasize specific consequences of the perturbative regime as
well.
2.1 Spontaneous breaking of a discrete symmetry
We start our model building with the simplest possible case of a single real field ' and consider a

























where m is the mass of the field and  is a coupling assumed to be small,   1. A few words on
the choice of the potential (76). It is a polynomial of fourth order. If we included higher powers of '
the corresponding couplings would have dimension of mass in a negative power and this would signal
nonrenormalizability of the theory (see part 3 of the lectures). There is also one special feature about the
Lagrangian (76). Namely the Lagrangian is invariant under a discrete transformation:
' !  ': (77)
and, in particular, this symmetry forbids a cubic term in (76).
Thus, the Lagrangian (75) is a renormalizable Lagrangian with a weak coupling. Imagine now
that the mass m, which simply a parameter in the Lagrangian, is in imaginary. Which in fact means that
' = 0 is a wrong place to start with. In more detail, up to a overall constant (which is not important) we














see also Figure 3. It is obvious that ' = 0 is an extremum but no longer a minimum of the potential.











and the vacuum, which is the lowest in energy state, corresponds to one of these minima. It is at this
point that the phenomenon of the spontaneous symmetry breaking comes into game. Namely, so far all
the expressions respected the symmetry under the change of the sign, ' !  '. However the vacuum




Fig. 4: Double-well potential in quantum mechanics. For the ground state, hxi = 0.
























































































Note, however, that the terms ('0)2; ('0)3 and ('0)4 in the Lagrangian (82) are controlled still by two
independent constants, not three. This is a manifestation of the original symmetry of the Lagrangian (75)
under '!  ' so that the symmetry is not entirely lost.
2.2 Excitations of “another vacuum”
It is useful to discuss at this point the difference between QM (quantum mechanics) and QFT (quantum
field theory) . Namely, imagine that the double-well potential (see Figure 4) is considered not in QFT
but in QM so that the potential refers now to a (one-dimensional) x-space and the question is what is the
wave function of the ground state. The answer is well known and is that the wave function is symmetric
with respect to the two minima and the probability to find the particle near each of them is the same. The
reason is that there is a barrier transition and even if we start with a wave packet concentrated in one of
the wells the particle will travel back and forth between the minima.
Now, is not it so that we have accepted as equally obvious two answers which are opposite to each
other? Namely, in the preceeding section we considered it obvious that the vacuum expectation value of








= while in case of QM we accept that < x >= 0.
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'V (')




= in case of the
double-well potential in Figure 3.
'(x)
x
Fig. 6: Profile of a scalar field '(x) as a function of the spatial coordinate x for a heavy particle associated with the excitation
of a drop of “another vacuum”.
There is no actual contradiction between our answers for QFT and QM because there exists a very
important difference between the two cases. Namely, in QFT we deal with a system with infinitely many
degrees of freedom (remember: the field at each space point x is quantized). Therefore, although the
probability of the barrier transition in case of a single degree of freedom is finite, in case of field theory
we should consider this transition simultaneously for an infinite number degrees of freedom. And this
probability is zero. Thus, it is only superficially so that the answers in QM and in QFT look contradictory.
Let us, however, try to pursue the line suggested by QM further and ask, whether there still could
be a difference in excitation spectra in field theories with one (see Figure 5) or two (see Figure 3) minima
of the potential V ('). We normalize the potentials in such a way that in both cases near the minima
the expansion is V (')  m2'2 with the same m2. The answer to this question is generally, yes. There
exist excitations with large mass which are due to the existence of the other minimum in the potential









= can be realized in a finite volume so that the profile of the field ' looks as
in Figure 6. Since the volume is finite it is a resemblance of a QM barrier transition. If one estimates








The scope of these lectures does not allow us to discuss the issue further in any detail but the
conclusion is of paramount importance:
In field theories with spontaneous symmetry breaking it is natural to expect heavy excitation whose
mass is inverse proportional to a small coupling  and which correspond to transition to other possible
vacua states in a finite volume.
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In the limit ! 0 theory of such states can be fully developed. The best known example of such
a particle is the magnetic monopole which appears in theories with spontaneous breaking of a gauge
symmetry.
2.3 Spontaneous breaking of a continuous symmetry































































































An important new point about the Lagrangian (89) is that it possesses a continuous symmetry since it























); (i; k = 1; 2) (91)
where 1k is the completely antisymmetric tensor in the internal space of the fields, 12 =  21 = 1. In


























The physical picture becomes more transparent if the Lagrangian (89) is rewritten in terms of the




































We see that for the -field the situation is the same as for the real field ' considered above (apart from
the overall normalization of the field). For the -field it is very different: there is no dependence on  in
the potential. As is commonly said, there is a flat direction in the potential.















and the phase field  is also somehow fixed for the vacuum state. Moreover, we can always denote the














for the excitations of the -field.
Eq. (99) indicates that -particle is in fact a Nambu-Goldstone boson. To check this identification
we have to verify that f
































where ~  v so that the field ~ has the conventional dimension of mass (and standard normalization
of the kinetic term in the Lagrangian). Thus, the massless ~ particle is annihilated by the current and its





To summarize, in our simplest Lagrangian version of the spontaneous breaking of a continuous
symmetry we did reproduce all general relations derived in Part 1. What is specific for the Lagrangian
approach is that the Nambu-Goldstone fields can be identified directly in terms of the fields entering the
Lagrangian. This identification would be physically relevant as far as the couplings are indeed small so
that interactions can be included perturbatively.
2.4 Increasing number of degrees of freedom
So far we have considered cases of one and two real fields. Introduce now three real fields which can be
thought of as a vector in an internal space, '
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; (i; k; l = 1; 2; 3) (105)
where 
ikl
is the totally antisymmetric tensor, e
k
are three (infinitesimal) independent parameters of




































































= 0 (for '
1;2
)




































) + ::: : (113)
Eqs (112),(113) demonstrate that the fields '
1;2
describe indeed Nambu-Goldstone bosons.
As for the current j
3












where the complex filed ' is the field describing the Goldstone-Nambu particles and introduced in (111).
Note that conservation of j
3
is realized through what we called degeneracy of states, in case
considered it is the degeneracy of masses of the two Goldstone-Nambu bosons. On the other hand,
conservation of j
1;2
is realized in the Goldstone mode when the current has a nonvanishing transition
to a single NG boson. The coexistence of the two modes of realization of current conservation is a
new phenomenon brought by the increase in the number of the degrees of freedom and corresponding
extension of the group of the symmetry transformations. The reason for j
3
to be in a minimal-coupling
mode is that symmetry with respect to the rotations about the third axis is still preserved even if v 6= 0.
Which is obvious from the form of the matrix of the vacuum expectation values (108).
We may use this example to derive a general rule:
(# of massless bosons) = (# of original symmetries)  (# of surviving symmetries): (115)







= 1   0 = 1 (116)
for a single charged field ';' and
N
NG
= 3   1 = 2 (117)
in case of the vector field ' since 3 is the number of independent rotations in general, while only rotations
about one axis are allowed upon the spontaneous symmetry breaking.
It is worth emphasizing that the important relation (115) is in fact of general nature and is not
specific for a particular Lagrangian model. The use of the Lagrangian (and of the weak-coupling approx-
imation) allows, as usual, for a direct identification of the NG bosons in terms of the fields entering the
Lagrangian.
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2.5 Realistic (i.e. Standard Model) case
Increasing the number of fields by one more unit we come to the SM case which postulates existence of
a quartet of real fields '
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The Lagrangian (118) is invariant under O(4) rotations in the internal space of the fields '
1;2;3;4
, and












; (i; k; l;m = 1; 2; 3; 4); (120)
where iklm is, as usual, the compltely antisymmetric tensor in the internal space.



































where  = 1; 2. Note that the indexes \0;+" are in fact meaningful and indicate the electrical charge
of the fields. At the moment such an identification is not motivated and is not important. It will become
significant however when we include interaction of 

with fermions and will treat (122) as a doublet of
left-handed fields. In terms of 





































As usual, the potential (124) reaches its minimum for a nonzero vacuum expectation value of the field












where v is a real number.
The Lagrangian (123) is invariant under SU(2) rotations of the complex field 








































U = I (129)
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and substituting it to (129) find that  is a hermitian matrix:
 = 
y (131)
Thus to enumerate all independent transformations of the type (129) we have to enumerate all inde-
pendent hermitian matrices 22. There are four such matrixes: unit matrix and three Pauli matrices.
Therefore for an infinitesimal transformation



















































Note that we can construct in fact six conserved currents (120) which means that the SU(2) rotations
(126) realize only part of O(4) rotations.
Next let us check which SU(2) transformations are compatible with a non-zero vacuum expecta-
tion value of the field 
























It implies in turn, that then three currents out of our (see (134)) have tadpoles corresponding to the NG
bosons while one linear combination of j
0;3
survives in its bilinear in the fields form (134). The three
massless fields which are manifested as NG bosons through can be readily identified in terms of the fields






and a massive field with mass squared equal to 2m2 corresponding to excitations of the field (Re'0 v).
Let us apply now the general rule (115) to the case considered. There is a subtlety there. The point
is that to count the number of original symmetries of the Lagrangian we should turn to the form (118)
rather than to (123). Then we have four degenerate fields 
1;2;3;4
and the symmtery is O(4), that is the
group of rotations of a four dimensional space. There are six inependent generators of such rotations and
six conserved currents (120) While the SU(2) transformations (126) discussed so far are characterized
by 4 independent generators (see above) and therefore do not realize the full symmetry of the original
Lagrangian (118). Why then we discussed these SU(2) transformations in such detail? The answer is
that this symmetry will be also common to other sectors of the SM while the O(4) symmetry is specific
for the Higgs sector only. Continuing our counting, because of the spontaneous symmetry breaking
one of the fields, let it be '
1
, acquires a non-vanishing vacuum expectation value. Then the surviving
symmetry of the Lagrangian is O(3), or the group of rotations of a three dimensional space span by
'
2;3;4
. There are three independent rotations in this case. Therefore Eq. (115) becomes:
N
NG
= 6  3 = 3: (138)
The three surviving symmetry transformations are relaized now as rotations among the three massless
NG bosons.
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Thus, the number of NG bosons is the same whether we start with the O(4) symmetry or with
SU(2) symmetry. And at first sight, it does not matter how we describe the symmetry of the Lagrangian.
The difference will be manifested, however upon inclusion of the radiative corrections (see Part 3).
Namely, spontaneous brealing of the SU(2) symmetry assumes existence of three massless NG bosons
but there interactions can be different. Spontaneous breaking of O(4) symmetry implies existence of
three massless NG bosons whose interactions are different generally speaking.
To summarize, the Higgs sector of the standard model shares all the general features of the models
with spontaneous breaking of a continuous symmetry. What is specific for the SM, it is the choice
of the Higgs fields as belonging to a doublet. An interesting question is what happens if there are




. Then to have
electromagnetic current conserved without NG bosons we need to require that the vacuum expectation


















Dynamically, however, there is an important difference from the case of a single doublet. Namely the
form (125) was the most general for one doublet. There was no dynamical input at this point (except for
assuming that there is a single doublet of Higgs fields). If there are two doublets it is not automatically
so that their vacuum expectation values can be rotated to the form (139). Now it is a dynamical question
in the sense that it depends on the particular form of the potential. To ensure the validity of (139)
the potential V ((1);(2)) should be such that the aligning of the doublets (139) would follow from
minimizing the energy. This is true for a range of parameter in the potential but not at all for a most
general form of the potential.
B. GAUGE INTERACTIONS
2.6 Choice of the gauge group
There is no unique a priori choice of the symmetry of the Lagrangian of electroweak interactions. It
is rather deduced from basic experimental facts. Historically, it was of fundamental importance that
charged currents include only left-handed fermions and that there exists a massless photon. From these
fundamental observations one may conclude that the minimal group is SU(2)
L
U(1). Indeed, SU(2) is
the minimal group which can accommodate charged currents (as Noether currents) and this SU(2) should
transform left handed fermions. The photon, on the other hand, interacts with right-handed fermions as
well and therefore we need at least one extra U(1) to accommodate the electromagnetic current.
Moreover, it is natural to group leptons and quarks into doublets since only transitions with







































denote hypercharge of left- and right-handed particles, respectively. For example, Y
L
=
 1=2 for leptons (140), Y
L
=  1=6 for quarks, Y
R
=  1 for right-handed electron and so on. One can








group of symmetry where U(1)
L;R
are associated with Y
L;R
. One could speculate, furthermore, that all
these currents are coupled to (originally) massless vector bosons.
One could look for further U(1) symmetries as well. Thus, the choice of U(1) currents which
could be coupled to gauge bosons is not unique at all. I mention it mostly because string-based phe-
nomenologies do introduce extra U(1) gauge bosons and these are discussed on other occasions as well.









: And this is the choice of the SM. Interaction of fermions with














where g; g0 are two independent gauge couplings, W
(a)
(a = 1; 2; 3); Y
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where index i runs over various fermions, Y i
L;R
are the corresponding values of the hypercharge and in








. Note that the Noether currents (144) correspond
to variation of the kinetic term of the fermions. Since we do not include further terms in the currents
we tacitly assume that there is no further interaction with derivatives for fermions. This assumption is




can be identified directly with the physical of W bosons, two neutral fields introduced in

































is the rotation angle from one basis to the other.
The angle 
W
is determined from the condition that the photon interacts with electric charge. From








where g; g0 are the two independent gauge couplings introduced in (143). When rewritten in terms of the
physical fields, the Lagrangian (143) exhibits neutral currents which are the source of the field orthogonal




















































where the currents j;3 are build on left-handed fermions alone while jY incorporates both left- and





= g sin 
W
(148)

















as the current coupled to the Z0-boson.
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2.8 Triple gauge boson coupling
Vector bosons W aconstitute a triplet with respect to the group SU(2)
W
. Therefore they carry weak
charge and should interact not only with fermions but among themselves as well. In particular triple
boson coupling was measured recently at CERN in the process of production of a pair of W.
We could derive the vector boson self-interaction by applying patiently the same procedure that
we used in Part 1 for a single vector boson interactions, namely by constructing conserved source for
each of the interacting bosons. There exists, however, a more elegant way based on introduction of the
so called covariant derivatives. The statement is that knowing interactions without vector bosons which
involve derivatives from other fields one can reconstruct the interaction of gauge bosons as well. This
should not come as a surprise because conserved Noether currents can also be found once interactions
containing derivatives from the fields is known.
Consider a simple example of a kinetic term of a fermionic field. Then it is invariant under U(1)
transformations, 	(x) = ei	 where the parameter  does not depend on x. Imagine now that we




























plays the same role with respect to the local gauge transformations as the
ordinary derivative does with respect to the global transformations. Namely, let us define the covariant

















would obviously be invariant under the local gauge transformations (150).



















Consider now SU(2) transformations. Which means that we introduce a local analog of (132),
with 
0
= 0 since 
0











where a = 1; 2; 3, 
a
are the Pauli matrices (133) and 	 is a doublet with respect to SU(2). We are














Eq. (152) is satisfied if the vector potential Aa
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In this way we again construct a new invariant “kinetic” term which is 	D

	.
Finally, this construction can be extended to self-interaction of vector bosons as well. Consider






























where [; ] denotes commutator and the latter equality can be immediately verified from the solution for




















where the trace is taken over the Pauli matrices entering the covariant derivatives. Knowing the transfor-
mation law for the covariant derivative (152) we immediately conclude that the Yang-Mills Lagrangian
(160) is indeed invariant under the local gauge transformations (157). The Yang-Mills Lagrangian (160)
contains triple and quartic interactions of the vector fields. All the coupling are uniquely fixed by invari-
ance under the local gauge transformations (155).
C. GENERATION OF MASSES
2.9 Higgs mechanism in Lagrangian approach
Formalism of covariant derivatives just developed allows for derivation of the Higgs mechanism in lan-
guage of Lagrangians. Namely we know now that the kinetic energy term of the Higgs doublet is to be

































where the notations are the same as in (143) and we accounted for the fact that Y =  1=2 for the doublet
of Higgs fields considered.
Retaining only the vacuum-expectation part of the field  (see Eq.(125)) we get terms bilinear in















































is related to the same 
W
which governs, say, neutral current transi-
tions. This is a theoretical prediction which follows from the Higgs mechanism for the vector bosons.
2.10 U(1) Higgs mechanism and superconductivity
As a point of digression, let us mention that the Higgs mechanism was in a way used for a phenomeno-
logical theory of superconductivity long time ago. It is remarkable that nowadays similar ideas (with
change of magnetic field to electric field in case of color interactions) are used in QCD to visualize
confinement mechanism. Thus, it might worth reviewing briefly the superconductivity case.
Within the Ginzburg-Landau approach one introduces






is a critical temperature (of a phase transition) and h'i serves as an order parameter distin-
guishing between two phases. Moreover, ' is an effective scalar field which later was identified as a
condensate of Cooper pairs.
Eq. (165) introduces a vacuum expectation value for a charged scalar field. As a result photon








where Q is the charge of the field ':
Moreover electrical current is the source of the photon and can be found therefore by varying the
Lagrangian (D')D































Eq. (168) demonstrates that the current does not vanish even if there is no electric field (E = dA=dt = 0)
which is the very phenomenon of the superconductivity. The nonzero photon mass (166) implies that the
magnetic field falls off exponentially inside a superconductor (Meissner effect).
2.11 Generation of fermion masses
As was mentioned in Part 1, minimal coupling for an axial current is allowed only for massless fermions.
Phenomenologically of course we have massive fermions. This is one more reason to consider conser-
vation of current in the Goldstone mode since in that case there is no constraint on the vertices ~ 

and,
in particular, on the masses of fermions which can be arbitrary. Lagrangian approach allows to visualize
generation of mass in a dynamically explicit way.
To this end we should include further terms in the Lagrangian. The general constraints remain




invariant and renormalizable. Note that for spin 0
and spin 1/2 fields the renormalizability condition simply means that coupling with dimension of inverse





















is the right-handed field, scalar with respect
to SU(2)
L
which has the same charge as the upper component of the doublet of the left-handed fields.
The Lagrangian (169) does observe the SU(2)
L
symmetry because the summation over the index 
makes it SU(2)
L
scalar. The U(1) symmetry is also respected since the U(1) invariance reduces to the
requirement of charge conservation and charge is conserved by the interaction (169). Moreover, this is
no accident since in fact we have chosen the charges of the Higgs fields in such a way as to ensure the
hypercharge conservation for the Yukawa coupling (169). Also, the Lagrangian L
Y
is Lorentz-invariant
since it is well known that scalar (or pseudoscalar) interactions mix up left- and right-handed fermions.
If we would like to add the Yukawa interaction for right-handed fields with negative charges we should
have used transposed Higgs doublet, see textbooks.
Substituting instead of  the corresponding matrix (125) of the vacuum expectation values we see














+ h.c. + cubic terms; (170)













is the Yukawa coupling, independent for each fermion f . Indeed, the values of the Yukawa
couplings g
Y;f
are not constrained by any symmetry or by renormalizability and each fermion can be
given a different mass. This is the way how fermions acquire mass in the SM.






is satisfied. Consider, for example, a
charge current vertex for a transition between a massive fermion and neutrino. Then for the divergence











































is the Yukawa coupling for this particular lepton. The vertex  
G
and the constant f
G
for the



















As for the constant f
G
it is fixed by the condition that the Higgs fields belong to a doublet with respect to
SU(2)
L
. Therefore the interaction of gauge fields with the doublet 































































is indeed satisfied (compare (173) and (172)).
The next important point is that our Lagrangian model not only complies with the general relations
but contains specific predictions as well. What is specific for the SM is that it contains originally one
doublet of scalar fields. Three scalar fields become longitudinal components of the vectro bosons as a
result of the Higgs mechanism and there is one (massive) scalar field left which is called Higgs field. As
we have seen in the section on Lagrangian models of spontaneous symmetry breaking massive excitations







Upon substituting in the Lagrangian the first term, that is the vacuum expectation value v gives rise to the
mass terms while terms with '0 describe interactions of the physical Higgs particles. Clearly, the Yukawa
couplings of the massive mode are automatically the same g
Y
which enter the interaction Lagrangians
like (169) and which are responsible for the values of the fermion masses, see Eq. (171).
Thus, we conclude that the physical Higgs couplings are proportional to fermionic masses. Phe-
nomenologically this is a very significant prediction which underlies all the current estimates of cross
sections of the Higgs particle production. Note however that it is a model-dependent prediction based on
the assumption that there is only one doublet of fundamental scalar fields.
2.12 CKM matrix
Generation of quark masses through the mechanism described above introduces in fact quite a few new
parameters in the SM. The point is that we have now two different definitions of quarks, namely as states
with a definite mass and as components of SU(2)
L
doublets. In more detail, we can always choose
u ; c  and t  quarks as upper components of weak doublets where by u ; c ; t  quarks states with
definite masses (and charges) are understood. Then charged currents transform u ; c ; t  quarks into
some states which are called lower components of the weak doublets. It is obvious that these lower
components of the weak doublets are not, generally speaking the same states as d ; s  and b  quarks
with definite masses.
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is called the Cabibbo-Kobayashi-Maskawa matrix and we will find now how many pa-
rameters are introduced through the CKM matrix. For the sake of generality we will find this number
for n n unitary matrix, reserving for the further generations. The derivation below follows closely the
Okun’s book.
We start our counting by observing that the matrix V
ik
has n2 complex numbers which is 2n2
real numbers. We observe next that the constraint (177) imposes n2 relations among these 2n2 numbers.
Note that at first sight Eq. (177) represents n2 constraints on complex numbers, that is separate for the
real and imaginary parts of the products in the left-hand side of the equation (177). If it were so we had
2n
2 constraints. However, it is easy to see that if we take complex conjugation of (177) we are getting the
same equations which means in turn that in fact we have n2 independent conditions, not 2n2. Therefore,
at this stage he number of independent real parameters is 2n2   n2 = n2.
The number of physically significant parameters is less than that because we can still rotate phases
of both “weak” and “mass” eigenstates without affecting any observable. Phase rotations are generated




and the arbitrariness in the fixation of the phases means that we can







series and that is why we have not 2n but rather (2n  1) phases removed).
The total number of physical parameters is equal therefore to
n
2
  (2n  1) = (n  1)
2
: (178)
These parameters can be further split into two groups. Namely we can distinguish parameters of an-
gle type and physically significant phase parameters. The point is that only the latter parameters may







Note that to derive (179) one counts the number of independent planes in n-dimensional space, not the
number of independent axes. The independent rotation axes are orthogonal to the planes. It is only for
n = 3 that the numbers of coordinate axes and of independent rotation axes are the same.











(n  1)(n  2) (180)





= 0: (two generations) (181)





= 1: (three generations) (182)
It is indeed amusing that in the realistic case of three generations there is a natural place for CP-violations
through a phase parameter.
One may construct matrix V
ik
explicitly in various ways since there is no unique way to fix the























































Indeed, here we combined the rotation by the phase  with the standard Euler construction of three




are sines and cosines of the
corresponding Euler angle. The phase factor is chosen in such a way that it cannot be rotated away by


















































































which is the CKM matrix.
3 PART III: RADIATIVE CORRECTIONS
This is a lecture which should bring the two pieces together: general relations of Part 1 and the La-
grangian formulation of Part 2. The Lagrangian formulation has an advantage of apparent simplicity
and expliciticity. On the other hand, the advantage of Part 1 emphasized so far is that relations derived
therein hold for strongly interacting Higgs particles. In fact even if all the couplings are small evaluation
of loop corrections is not so straightforward as one might think. Some of the relations derived by the
Lagrangian method stay valid while the others should give way for corrections. Straightforward calcula-
tion is helpless to resolve which relation is which and it is the relations of the type discussed in Part 1,
generically called Ward identities, which make the choice. In reality there is a technique of dimensional
regularization which has been proven once and forever to respect the Ward identities, the full set of them.
However, we cannot appeal to this result because its derivation is much more complicated than examples
which we are going to consider.
The part on radiative corrections naturally includes other topics as well. In particular the radiative
corrections is the only way available now to trace effects of the Higgs boson. The outline of the lecture
is as follows:
(1) Renormalizability and naturalness of the SM






(4) Quantitative analysis of the radiative corrections (remarks)
3.1 Renormalizability, naturalness
It is natural to expect higher order corrections to be small if couplings are small. In actual calculations,
however, this is not true in many cases, and this in turn might be a signal that theory should be modified.
One of the earliest examples of this type is the paradox of a bright sky. One starts by observing















where n(r)  const is the density of “suns” in the Universe. The integral (186) diverges at large
distances. The resolution of the paradox is highly non-trivial. Namely, one should take into consideration
that the speed of light is finite and that the age of the Universe is finite. These observations were far off
the limits of knowledge in times when the paradox of infinitely bright sky was discussed first.
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In field theory, problems arise mostly with too much of contribution coming from very short
distances. As can be readily seen, the problem is rooted in the assumption that particles remain pointlike
at all distances. Indeed, in Part 1 we already mentioned that perturbatively admixture of higher energy
states is suppressed by (E) 1. Which is of course a consequence of the uncertainty principle that





where E is the excitation energy. The estimate remains true in the relativistic case as well (in the rest
















are ultraviolet and infrared cuts off, respectively. As for 
IR
, it is provided by the lowest
energy mass gap. If the ultraviolet cut off 
UV
tends to infinity then the radiative correction diverges.
One might think that contribution of high E is suppressed by a kind of a form factor in the coupling
to higher states but the example of Deep Inelastic Scattering (i.e., of the parton model) is convincing
enough to demonstrate that form factors are not possible. Thus, we are not protected against logarithmic
corrections in any case and if there are only such corrections the theory is rendered satisfactory, or
renormalizable. The idea is that at Planck scale the very structure of space-time changes and this settles
the problem of the divergence (188). Because the dependence on the 
UV
scale is only logarithmic the






Estimate (188) worsens if the interaction itself grows with E and this brings in an uncontrollable












:::. This is a sign of a disease of the theory, or
its non-renormalizability. In many cases, presence of such uncontrollable corrections can be deduced on
dimensional grounds alone. Namely, if there is a coupling which had dimension of inverse powers of
mass, then as a rule the dimension is compensated by the corresponding power of 
UV
upstairs.
The SM is renormalizable. First, it does not contain couplings of “dangerous” dimensions men-
tioned above. However, even given that couplings are dimensionless, the statement on the renormaliz-




















Note that the form of the propagator is uniquely fixed on very general grounds, such as Lorentz covari-




ensures that at the






;q = 0) there survive only terms proportional to 
ik
; ik = 1; 2; 3 which
correspond to three spin degrees of freedom of a vector particle (for a similar discussion in case of the
photon see Part 1).







grows and brings, generally
speaking, with each iteration new and new power-like divergencies, n
UV
. However, in case of a sponta-










and this “Ward identity” removes the strong energy dependence from the nominator of the propagator




. This softening of interactions
of massive vector bosons at high energies because of the Ward identity (190) was a major theoretical
breakthrough which explained how interaction of vector bosons can be made renormalizable.
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terms in the propagator (189) does not save SM from a single quadratically divergent








where  is the coupling of Higgs self interaction. Such a correction is present in pure scalar theory and
can be guessed again on dimensional grounds: Eq. (191) is perfectly consistent even for a dimensionless
. Correction (191) does not make the theory non-renormalizable since the powers of 2
UV
do not grow
with the order of perturbation theory. Which again can be concluded on dimensional grounds alone.





to all orders in perturbation theory by virtue of gauge invariance of electromagnetic interactions. On
the other hand, the Higgs mass is not protected against the quadratic divergence (191) by any symmetry




, then the physical Higgs mass
is naturally huge as well as the Higgs vacuum expectation value. Then the SM would be irrelevant to
the currently accessible energies. For this reason one may say that SM with v  300 GeV is unnatural
although renormalizable. Another language frequently used, is that the Higgs mass should be fine tuned
to fall onto a physically acceptable mass range of about or less than 1 TeV.
3.3 Radiative corrections to the vacuum energy
To quantify the remarks on the Higgs mass and vacuum expectation value renormalizations let us evaluate
first loop corrections to the vacuum energy. Indeed, a non-vanishing vacuum expectation value h'i 6= 0
was obtained by minimizing the potential V (') which can also be viewed as the vacuum energy evaluated
classically. Therefore, quantum corrections to the vacuum energy are also relevant.
It is well known that free field equations allow for plane-wave solutions with 3-momentum p. It
means that free fields can be considered as a collection of oscillators which are not interacting in the p
basis. The physical vacuum is then the ground state of all the oscillators. Quantum mechanically, the













. Moreover, following the idea of the Dirac sea we should count the







































where the summation over the index (i) labelling various particles assumes also summation over the spin
degrees of freedom.
Evaluation of the vacuum energy density (194) can be considered as evaluation of the vacuum
expectation value of the component T
00
of the energy-momentum tensor T

. This is just by definition.
What is less trivial, we could have started from other components of T

as well. The reason is that for












= 1. Indeed vacuum is Lorentz invariant and the tensor g

is then the only one
available for the vacuum expectation value of T

. In particular, from (195) we conclude that for the









which corresponds to a negative pressure in vacuum.
Although (195) is self evident for a vacuum state, it is not trivial at all to get a negative pressure
by summing over the zero-point fluctuations as we are doing now. Indeed, our normal modes are plane












































and, indeed, condition (196) is obviously violated. Let us expand, however, the integrands in (194) and








































+ : : :

:
We see that Eq. (196) does not hold for the first two terms in the expansion but is true for the third terms.
These terms, as we shall see in a moment correspond to a logarithmically divergent parts of the integrals.

























































are the total number of bosonic and fermionic degrees of freedom, respectively.





. There exist different views on impor-
tance of these divergencies:





terms should be ignored. Indeed, they do not satisfy the
constraint (196) automatically and are obviously dependent on details of the UV cut off.
(b) one may try, on the other hand, to pursue the line of reasoning that these divergencies should


















These conditions are obviously not fulfilled within the standard model and, therefore, their discus-
sion goes beyond the scope of the present lectures. I cannot help mentioning however that the conditions
are automatically satisfied within supersymmetric extensions of the SM, provided that SUSY is broken
spontaneously.
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In other words, we impose the condition that the difference of energy densities in the real world with
h'i 6= 0 and the unstable state with v = 0 is free from the quadratic divergence (note that the quartic
divergence automatically cancels from this difference). The logic is that it is just this difference of the
vacuum energies that determines that the vacuum with h'i = v 6= 0 is favoured energetically.
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where we accounted for spin, color and charge degrees of freedom. The counting for the would-be world
with h'i = 0 is more amusing. All the particles would be massless in the world with v = 0 except for





















is the mass squared of the physical Higgs boson and we took into account that “tachyon”
mass squared is minus one half of m2
H
.














This relation was derived first by Veltman from the condition of vanishing of the quadratic divergence in
one-loop radiative correction to Higgs mass. Numerically, Eq (204) predicts m
H
 320 GeV. Theoreti-
cally, the most sensitive issue is higher order corrections to (204).
3.4 Coleman-Weinberg potential






















where v is the vacuum expectation value in the real world we get the vacuum energy as function of the
vacuum expectation value h'i and are in position to discuss the possibility of a transition to another
vacuum with h'i 6= v.
Eq. (205) is still plagued with logarithmic ultraviolet divergencies. We can get rid of them, how-
ever, by observing simply that for h'i = v the logarithmic term is to be included into the renormalized
value of the coupling '4 which describes self-interaction of Higgses. Thus, if we normalize the poten-





























Note that the log factor vanishes at h'i = v as a result of the choice of the renormalization point,
h'i = v. Eq. (207) is the famous Coleman-Weinberg potential.
This radiative correction should be now added to the classical piece, h'i4=4. Note that heavy
fermions now would destabilize the physical vacuum since they would drive potential down for higher
values of h'i. It tells us that if there exists a heavy enough fermion then the vacuum energy as a function
of h'i has a deeper minimum and the physical vacuum decays into a new vacuum with larger value of
h'i. Whether the observed t-quark is heavy enough to trigger the vacuum decay depends (provided that
here are no other heavy particles) on the physical Higgs mass. Indeed, it is the classical piece in the
potential,  h'i4 which “resists” the drive to higher values h'i since it is positive and grows at large





condition of the stability of our vacuum one can deduce:
m
H
 130 GeV: (vacuum-stability bound) (208)
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It is worth emphasizing that this bound is based first of all on extrapolation of the SM far beyond the
experimentally studied domain. Indeed, the corrections to the potential (207) are controlled by fourth
powers of masses and we assumed that there are no other heavy particles, but the Higgs boson.
Moreover, to derive a precise bound like (208) a few subtle points should have been settled first. In
particular, in actual calculations one asks not for an absolute stability of the physical vacuum but rather
for a lifetime larger than the age of the Universe. The most serious reservation concerning our derivation
is that we could not include the effect of the Higgs mass itself on the level of m4
H
correction. Indeed,
the relation (206) holds for all the masses except for the Higgs mass itself. The latter is defined only
at the position of a minimum (extremum) of the potential V (h'i). If we have dV (')=d' 6= 0 then to
formulate our vacuum energy problem we should have introduced external currents which would support
the system in this non-equilibrium position. We have not discussed energetics with inclusion of these
currents. Thus, the right way to view Eq. (207), as we derived it, is to say that it applies if the effect of
the fermion mass is indeed the dominating quantum corrections. The stabilizing effect of the Higgs mass
is accounted then only on the classical level (term '4) and is neglected in the loop correction.
3.5 Triviality bound
Thus, a relatively high value of  is needed to protect the SM against instability of the vacuum. However,
too high a value of  brings a potential problem as well. Namely, iteration of the Higgs self-interaction
results in a growth of the effective, or running coupling (Q2) at short distances or large Q2. The phe-
nomenon is opposite to now famous asymptotic freedom which is the decrease of the effective coupling




) at short distances.
The effect of running of a coupling has been discussed so many times that I do not think that it is
worthy of another explanation here. Namely, the iteration of the '4 interaction results in the following




























As a normalization point we can choose Q
0
= v so that at this value of Q
0
the coupling assumes its
physical value which determines the physical Higgs mass (see for a discussion the preceeding section).
Now, if we go to a high enough value of Q2, Eq. (209) tells us that we can reach a point where the
effective coupling blows up, 
eff
!1. One can reverse the statement and say that if 
eff
is normalized
to a finite value at the position of the pole exhibited by Eq. (209) then it vanishes at low Q2. In other
words, the interaction vanishes at low energies and the theory becomes a trivial theory of non-interacting
fields. The condition that it does not happen is called therefore a triviality bound.






exist a pole in (209) at sufficiently high value of Q2. However, if the pole occurs at energies higher
than, say, Planck scale than one may not trust the expression (209) since it is derived without inclusion
of gravity. Thus, usually one imposes the condition that there is no pole in (209) below m
P l
. Also,
we have neglected in (209) contribution of fermions which tends to decrease 
eff
at large Q2 (see the









 300 GeV (triviality bound) (210)
which is quite a stringent bound. However, one has to keep in mind again that the bound is a conse-
quences of extrapolating the SM to the energy scales up to the Planck mass. Indeed, if there are heavier
particle coupled to ' they could modify the effective coupling at large Q2. There are some theoretical
reservations as well. Namely Eq. (209) can in fact be questioned near the pole since any small correction
may have a drastic effect near the pole (see, for example, our discussion of the Higgs mechanism in





Fig. 7: Interaction of a massless Goldstone-Nambu particle (dashed line) with a t-quark (solid line). This interaction is respon-
sible for a radiative correction proportional to m2
t
.
self interaction becomes strong at energies near Q2
pole
but not necessarily infinite. Experimental mani-
festations of such a new strong interactions at large virtualities should have been discussed thoroughly
before accepting the triviality bound (210). Despite all these reservations the triviality bound is a very
interesting indication that the Higgs mass may be not too heavy.
3.6 Radiative corrections proportional tom2
t
Let us now turn to radiative corrections within the SM itself, without stretching the validity of the model
to hypothetically high mass scales. It is of course a hard job which we cannot at all do in full. To




. Quite recently, when the mass of the top was not known from direct measurements evaluating these
corrections was an intriguing way to get insight into top physics. Now, it would rather serve to us as an
example of problems which are brought by evaluating radiative corrections in theories with spontaneous
symmetry breaking.
The only coupling which is proportional to m
t
is that of Higgs bosons to top quark. Indeed, gauge
couplings are universal and are not mass-dependent. Thus, at first sight by performing measurements
on W- and Z-bosons alone one cannot detect effects proportional to m2
t
. However, such a conclusion
would be superficial. The point is that the observable massive vector bosons incorporate scalar-boson
degrees of freedom as well (for a discussion see Part 1). The couplings of the scalar bosons, on the other
hand, do know about m
t
and that is how masses and couplings of the massive, or physical vector bosons
become sensitive to m2
t
as well. Moreover, since the gauge couplings are small they can be switched on
perturbatively. Namely, we may consider first massless Nambu-Goldstone bosons and only at the latest
stage account for the Higgs mechanism due to the coupling of the NG bosons to gauge vector bosons.







































































Here the first term represents the kinetic-energy term for the three massless Goldstone bosons. The next









terms can be either read off from the Lagrangian describing the Yukawa interaction (see Part 2) or can be
found from the condition the massless scalars interact with the divergencies of the corresponding vector
currents. The last group of terms describe interaction of the vector bosons with the NG bosons. Its form
follows from the form of the currents, sources of the vector bosons and was considered in detail in Part
2.





. The result should be
an effective Lagrangian for light degrees of freedom, in our case for the vector and scalar bosons. As we
could easily anticipate, the actual evaluation of the loop corrections is plagued by ultraviolet divergencies.
For example, the Feynman integral corresponding to the graph in Figure 7 describing interaction of the





































The whole art of performing the renormalization procedure is to reduce this, apparently senseless ex-
pression to a finite number which is subject to a direct experimental check.
In our case, we first observe that the quadratic divergence corresponds in fact to a correction to
the mass of '0. However there should be no correction to the masses of the Nambu-Goldstone bosons.
Indeed, they should remain massless as a direct consequence of the spontaneous symmetry breaking (see
Part 1). Thus, we can impose condition M
7
= 0 at q2 = 0. This is equivalent to one subtraction so that
the integral (212) is becoming logarithmically divergent. This is our first use of the Ward identities.
Furthermore the logarithmic divergence is absorbed into the renormalization of the kinetic term,
or wave-function renormalization of the neutral and charged Goldstone bosons, Z
0;




























































where, say, for the renormalization factor Z
0



























Note that at this point we have rewritten the Feynman integral (212) as a dispersive integral and expressed
the corresponding absorptive part as a function of the heavy quark velocity v
h
. This technique is quite
common and simple although its explanation goes beyond the scope of the present lecture. It goes without
saying that any other way of evaluating the Feynman graphs (see, for example, lectures on field theory
at this School) would produce the same result (215). Note also that the deviation of the normalization
Z-factor from unit is negative since we account for the mixing of '0 with the heavy quark states.
Finally, the difference of the logarithmically divergent factors in the channels with charge 0 and










































Note that we evaluated this difference for NG bosons on mass shell, i.e., at q2 = 0. If on the other hand,
we would consider q2  m2
t
then this difference would tend to zero. and the symmetry between charged
and neutral particles is restored. This restoration of the symmetry at large virtualities is needed for the
renormalizability of the theory upon inclusion of the vector bosons. Indeed, divergencies of graphs at
high q2 cancel only if the interaction respects the SU(2) symmetry. That is why we are not allowed,
for example, introduce further subtraction constants such that, say, would reduce Z
;3
! 1 on the mass
shell. This is our second use of the Ward identities to fix the radiative correction in point.




. Indeed in Part 1 we discussed in length that the graph with exchange of NG boson reduces









in the propagator of the corresponding vector particle. Here the factor 1=q2 is
simply the propagator of a massless scalar particle. Now this propagator is modified to Z=q2 since the








































This correction is commonly called correction to the -parameter, .
3.7 Custodial symmetry
At first sight, we could expect a radiative correction which is proportional to m2
H
as well. Indeed, because
of the spontaneous symmetry breaking an SU(2) doublet unifies now the massive Higgs particle and
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massless Goldstone bosons. And this mass splitting, one might think, works the same way as the mass
splitting between t-a nd b- quarks we have just discussed. But closer inspection shows that this is not
the case and there are no one-loop correction proportional to m2
H
. This can be established of course by
a direct computation. But there is a symmetry behind this non-appearence of the m2
H
correction which
is easy to explain. The point is that the Lagrangian describing Higgs self-interaction possesses wider
symmetry than SU(2)
L
U(1), namelyO(4) symmetry, see Part 2. Even when SU(2)
L
is spontaneously
broken, there is O(3) symmetry surviving. This is the symmetry of rotations among massless Goldstone





far as only interactions between Higgses is taken into account to any loop order. Moreover in the limit
cos = 1 which numerically is not a bad approximation, interaction of the massless NG bosons with
vector bosons also respects this symmetry, see (27). Therefore, inclusion of interaction with the vector





violates the custodial O(3) symmetry explicitly and that is why the m2
t
correction is allowed.
In practice, the custodial symmetry is responsible for the fact that the radiative correcions are
much less sensitive to m
H







is not adequate in fact and the radiative corrections should be evaluated in
full. We do not have much to say about such calculations within the scope of these lectures. Within the
SM there are three basic parameter, namely coupling constants g; g0 and the vacuum expectation value







Among these three numbers, the electromagnetic coupling is known in fact to a worst accuracy, so that
the relative error bars are about order of magnitude larger than in the other two cases. The point is
that to describe electroweak physics one needs to use 
el
normalized at mass scale 2  m2
V
while
very precise measurements of 
el
refer to a low normalization point 2  m2
e
. The extrapolation to
the high normalization point utilizes a dispersion relation for the running coupling. This dispersion
relation involves, in particular, an integral over total cross section of e+e  annihilation into hadrons at
intermediate energies, and this cross section has not been measured to the desired accuracy. Thus, overall
fits to the SM could be improved if this cross section is measured to a better accuracy.
The outcome of the fits to the SM is usually a bound on the mass of the Higgs boson. At the




at the 90% probability level. There are authors who believe that this bound can be improved to about
300 GeV relatively soon. It goes without saying that the discovery of the Higgs boson would be crucial
for the completion of our understanding of the electroweak physics and for further attempts to uncover
theoretical structures which go beyond the SM.
CONCLUSIONS
The success of the Standard Model in describing experimental data has dramatically confirmed the ideas
of the spontaneous symmetry breaking and of the Higgs mechanism. The fact that the t-quark mass was
correctly estimated basing on the evaluation of the m2
t
radiative correction implies that there is no much
room for heavy fermions with substantial mass splitting within weak doublets. Which might be a chal-
lenge to any model introducing new particles, like SUSY. In contrast, there are no firm theoretical bounds
on the Higgs mass, mainly because of the custodial symmetry surviving the spontaneous symmetry of
SU(2)
L
. Strictly speaking, one can only claim that either there is a Higgs particle with mass lighter or
about 1 TeV or there is a new interaction in the TeV region. There is accumulating indirect evidence,
however, that the Higgs mass can well have mass below, say, 300 GeV.
93
